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CURRENT DIGITAL-TO-ANALOG
CONVERTER WITH WARMING OF
DIGITAL-TO-ANALOG CONVERTER
ELEMENTS

RELATED APPLICATION

The present disclosure claims priority to U.S. Provisional

Patent Application Ser. No. 62/944,974, filed Dec. 6, 2019,
which 1s incorporated by reference herein in its entirety.

FIELD OF DISCLOSURE

The present disclosure relates in general to circuits for
audio devices, including without limitation personal audio
devices, such as wireless telephones and media players, and
more specifically, to systems and methods relating to a
current-mode output digital-to-analog converter with a high-
impedance output.

BACKGROUND

Mobile devices, including wireless telephones, such as
mobile/cellular telephones, cordless telephones, mp3 play-
ers, and other consumer audio devices, are 1n widespread
use. Such mobile devices may include circuitry for driving
a transducer, including without limitation, a headphone, a
speaker, a linear resonant actuator or other vibrational actua-
tor, and/or any other suitable transducer.

It may be desirable to drive an audio output transducer
with source impedances as high or higher than the nominal
impedance of the transducer. One example 1s that of a
30-ohm (nominal) transducer driven by a driver with a 30-
to 300-ohm source impedance. Such arrangement has tra-
ditionally been accomplished by a low-impedance voltage
source 1n combination with a series resistor. However, such
approach lacks power efliciency—ior each watt dissipated 1n
the transducer load, 10 watts may be dissipated 1n the series
resistor, severely limiting power efliciency of a system.

Another approach may be to use current-mode feedback
to eflectively boost the output impedance of the driver.
While this approach may solve the efliciency problem
described 1n the previous paragraph, the gain of the current
teedback loop may lead to noise problems, and loop stability
problems may arise when an output impedance 1s unknown.

Accordingly, circuit architectures that overcome these
disadvantages are desired.

SUMMARY

In accordance with the teachings of the present disclosure,
one or more disadvantages and problems associated with
existing approaches to calibrating a digital-to-analog con-
verter may be reduced or eliminated.

In accordance with embodiments of the present disclo-
sure, a differential output current digital-to-analog (IDAC)
circuit may include a delta-sigma modulator configured to
receive a digital input signal, a control circuit responsive to
the delta-sigma modulator configured to perform a DAC
decode operation, a plurality of DAC elements responsive to
the DAC decode operation, the plurality of DAC elements
configured to, 1n concert, generate a diflerential output
current signal based on the digital input signal to a load
coupled to a pair of output terminals of the IDAC, and a
plurality of warming switches, each warming switch
coupled to a respective bias transistor of a respective DAC
clement of the plurality of DAC elements, wherein the
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2

control circuit may further be configured to selectively
control each such warming switch 1n order to selectively
de-bias and bias a respective bias transistor of such warming
switch when a respective DAC element of the respective
bias transistor 1s output-disabled from generating the differ-
ential output current signal.

In accordance with embodiments of the present disclo-
sure, a method may be provided for use 1n a differential
output current digital-to-analog (IDAC) circuit comprising a
delta-sigma modulator configured to recerve a digital input
signal, a control circuit responsive to the delta-sigma modu-
lator configured to perform a DAC decode operation, a
plurality of DAC elements responsive to the DAC decode
operation, the plurality of DAC elements configured to, 1n
concert, generate a differential output current signal based
on the digital mput signal to a load coupled to a pair of
output terminals of the IDAC, and a plurality of warming
switches, each warming switch coupled to a respective bias
transistor of a respective DAC element of the plurality of
DAC elements. The method may include selectively con-
trolling each such warming switch 1n order to selectively
de-bias and bias a respective bias transistor of such warming
switch when a respective DAC element of the respective
bias transistor 1s output-disabled from generating the differ-
ential output current signal.

Technical advantages of the present disclosure may be
readily apparent to one skilled in the art from the figures,
description and claims included herein. The objects and
advantages of the embodiments will be realized and
achieved at least by the elements, features, and combinations
particularly pointed out 1n the claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are

examples and explanatory and are not restrictive of the
claims set forth in this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present embodi-
ments and advantages thereol may be acquired by referring
to the following description taken in conjunction with the
accompanying drawings, in which like reference numbers
indicate like features, and wherein:

FIG. 1 1s an 1illustration of an example personal audio
device, 1mn accordance with embodiments of the present
disclosure;

FIG. 2 1s a block diagram of selected components of an
example audio integrated circuit of a personal audio device,
in accordance with embodiments of the present disclosure;

FIG. 3A1s a circuit diagram of selected components of an
example differential output current digital-to-analog con-
verter (DAC) for use 1n the example audio integrated circuit
of FIG. 2, 1n accordance with embodiments of the present
disclosure:

FIG. 3B 1s a circuit diagram of selected components of an
example single-ended output current digital-to-analog con-
verter (DAC) for use 1n the example audio integrated circuit
of FIG. 2, in accordance with embodiments of the present
disclosure:

FIG. 4 1s a circuit diagram of selected components of an
example current DAC element, in accordance with embodi-
ments of the present disclosure; and

FIGS. SA-5C 1s a circuit diagram of selected components
of an example current DAC element in three different
operational states, in accordance with embodiments of the
present disclosure.
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DETAILED DESCRIPTION

FIG. 1 1s an illustration of an example mobile device 1, in
accordance with embodiments of the present disclosure.
FIG. 1 depicts mobile device 1 coupled to a headset 3 1n the
form of a pair of earbud speakers 8 A and 8B. Headset 3
depicted in FIG. 1 1s merely an example, and 1t 1s understood
that mobile device 1 may be used in connection with a
variety of audio transducers, including without limitation,
headphones, earbuds, 1n-ear earphones, and external speak-
ers. A plug 4 may provide for connection of headset 3 to an
clectrical terminal of mobile device 1. Mobile device 1 may
provide a display to a user and receive user mput using a
touch screen 2, or alternatively, a standard liquid crystal
display (LCD) may be combined with various buttons,
sliders, and/or dials disposed on the face and/or sides of
mobile device 1. As also shown 1n FIG. 1, mobile device 1
may 1nclude an audio integrated circuit (IC) 9 for generating,
an analog audio signal for transmission to headset 3 and/or
another audio transducer.

FIG. 2 1s a block diagram of selected components of an
example audio IC 9 of a mobile device, in accordance with
embodiments of the present disclosure. In some embodi-
ments, example audio IC 9 may be used to implement audio
IC 9 of FIG. 1. As shown 1in FIG. 2, a microcontroller core
18 may supply a digital audio mput signal DIG_IN to a
digital delta-sigma modulator 12, which may convert it to a
quantized (e.g., six-bit) signal QUANT at a sampling rate
much higher than that of digital audio 1mnput signal DIG_IN
(e.g., digital audio mput signal DIG_IN may have a sam-
pling rate of approximately 44 KHz and quantized signal
QUANT may have a sampling rate of 1.6 MHz). Digital-
to-analog converter (DAC) 14 may receive quantized signal
QUANT which may convert quantized signal QUANT to a
differential analog current-mode output signal equal to the
difference between currents 1,,,+» and 1,5, DAC 14 may
supply a diflerential analog current-mode 1nput signal to an
output transducer 16 having load impedance 7., such as one
of earbud speakers 8A and 8B. A power supply 10 may
provide the power supply rail mputs of DAC 14, and/or
other components of audio IC 9. In some embodiments,
power supply 10 may comprise a switched-mode power
converter, as described 1n greater detail below.

Although FIGS. 1 and 2 depict an audio IC 9 for driving,
an audio transducer with a current-mode signal, 1t 15 under-
stood that an IC similar or 1dentical to audio IC 9 may be
used to convert any suitable digital signal into a suitable
output current signal for driving any suitable transducer,
including non-audio transducers such as a linear resonant
actuator or other suitable transducer. Further, the systems
and methods described herein are not limited to mobile
audio devices, and may also be used 1n video game control-
lers, touchscreens, automobiles, and any other device for
which audio and/or haptic output 1s desirable.

FIG. 3A 1s a block diagram of selected components of an
example differential output current DAC 14 A which may be
used to implement DAC 14 of example audio integrated
circuit 9 of FIG. 2, 1n accordance with embodiments of the
present disclosure. As shown in FIG. 3A, current DAC 14A
may include one or more reference elements 20 (e.g., 20a,
200), a plurality of current-mode DAC elements 22 (e.g.,
22a,22b, 22¢, 224, . . ., 22n), biasing operational amplifiers
24 and 26, a control circuit 52, and an output impedance 54
with 1mpedance 7, coupled as depicted in FIG. 3A.
When output transducer 16 i1s coupled to the output of
current DAC 14A, output impedance 34 may be 1n parallel
with impedance 7, of output transducer 16 as shown in FIG.
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3A. Each DAC element 22 may comprise a differential
current mirror comprising p-type field effect transistors 42
and 44, n-type field eflect transistors 46 and 48, and a
plurality of switches 50, coupled as shown i FIG. 3A.
Reference element 20a¢ may comprise n-type field ellect
transistors 30 and 32 and a reference resistor 28 coupled as
shown 1n FIG. 3A. As shown 1n FIG. 3A, reference resistor
28 may have a variable resistance controlled by control
circuit 52. In addition or alternatively, one or both of n-type
field eflect transistors 30 and 32 may have an admittance
controlled by control circuit 52. To implement an n-type
field eflect transistor 30 and/or 32 as a variable-admittance

transistor, each such transistor may comprise a plurality of
switched transistors that are enabled and/or disabled under
the control of control circuit 52 1n order to achieve the
desired admittance. Reference element 205 may comprise
n-type field eflect transistors 34 and 36 and p-type field
cllect transistors 38 and 40, coupled as shown in FIG. 3A.

In operation, a reference bias voltage V...~ may be
applied as shown to operational amplifier 26 and a common
mode voltage V ___ may be applied as shown to operational
amplifiers 24 to generate bias voltages for biasing n-type
field eflect transistors 32, 36, and 48 and p-type field effect
transistors 38 and 42. In addition, a p-type bias voltage V5,
may be applied to gates of p-type field eflect transistors 38
and 40 to bias p-type field effect transistors 38 and 40, and
an n-type bias voltage V ., may be applied to gates of n-type
field eflect transistors 30, 34, and 46 to bias n-type field
cllect transistors 30, 34, and 46. Accordingly, as so biased,
a circuit 1s formed by which reference elements 20a and 205
generate reference currents I, -and I, as shown in FI1G. 3,
one of which (e.g., reference current I, ) may be used as a
reference current for the differential current mirrors 1mple-
mented by each current-mode DAC element 22. Thus, at
least one reference element 20 may have a current mirror
relationship with each of the plurality of current-mode DAC
clements 22 such that each individual current through each
current-mode DAC element 22 1s a scaled version of a
reference current (e.g., reference currents I, -and I, ) of the
at least one reference element 20. For each current-mode
DAC element 22, 1ts respective switches S0 may be selec-
tively enabled and disabled based on quantized signal
QUANT. For purposes of clarity and exposition, the cou-
pling of quantized signal QUANT and 1ts individual bits to
individual switches 50 1s not shown. Accordingly, each
current-mode DAC element 22 comprises a current source
switched between one of the differential outputs (e.g., 15775
or I ;) Or a common-mode ground (e.g., V__ ). Accord-
ingly, output currents (e.g., I 5, Or 1,77 on each of the
differential outputs may be the sum of current flowing into
and out of the particular output from the individual current-
mode DAC elements 22.

In some embodiments, each current-mode DAC element
22 may be sized or otherwise configured such that 1t gen-
erates a current which 1s a power of 2 greater than or less
than another current-mode DAC element 22. For example,
current-mode DAC element 22¢ may generate a current
having twice the magnitude of the current generated by
current-mode DAC element 225, current-mode DAC ele-
ment 2256 may generate a current having twice the magni-
tude of the current generated by current-mode DAC element
22¢, and so on. Therefore, in such embodiments, each
current-mode DAC element 22 may correspond to a respec-
tive bit of quantized signal QUANT, and the respective
switches 50 of a current-mode DAC element 22 may be
selectively enabled and disabled based on the respective bit.
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In other embodiments, each current-mode DAC element
22 may be sized or otherwise configured such that 1t gen-
erates a current which 1s approximately equal to all other
current-mode DAC elements 22. Therefore, 1n such embodi-
ments, control circuit 52 may decode quantized signal
QUANT imto a corresponding value, and the respective
switches 50 of a current-mode DAC element 22 may be
selectively enabled and disabled based on the corresponding
value. For example, 1f quantized signal QUANT comprises
six bits, current DAC 14A may comprise 2°=64 current-
mode DAC eclements 22, and respective switches 50 of
current-mode DAC elements 22 may be enabled 1n accor-
dance with the value corresponding to the digital code of
quantized signal QUANT (e.g., for a six-bit code 000101,
five current-mode DAC elements 22 may be enabled and 59
current-mode DAC elements 22 may be disabled).

Control circuit 52 may include any system, device, or
apparatus configured to receive quantized signal QUANT
(or another signal derived therefrom), and based on a
characteristic (e.g., magnitude, frequency, etc.) ol quantized
signal QUANT, control one or more components of DAC
14 A 1n order to scale current mirror ratios between at least
one reference element 20 and the plurality of current-mode
DAC elements 22. For example, control circuit 52 may
modily current mirror ratios between at least one reference
clement 20 and the plurality of current-mode DAC elements
22 responsive to the magnitude of quantized signal QUANT
crossing a predetermined threshold magnmitude. As a specific
example, 1n response to quantized signal QUAN'T crossing
from above to below such predetermined threshold magni-
tude, control circuit 52 may control one or more components
of DAC 14A to decrease a reference current (e.g., I, -and/or
I.») while icreasing a scaling ratio of the currents of
current-mode DAC elements 22 relative to a current of at
least one reference element 20. In these and other embodi-
ments, such predetermined threshold magnitude may be a
threshold magnitude for entering or exiting a noise gating,
mode of the playback path of the audio signal, whereby
noise gating mmvolves, for low magnitudes of an audio input
signal (e.g., quantized signal QUANT), an output signal
(e.g., difference between I ,,,+» or 15, 0of an audio system
forced to zero, so as to avoid audio output of noise present
in the signal path.

In some embodiments, control circuit 52 may be config-
ured to modily current mirror ratios between the at least one
reference element 20 and the plurality of current-mode
digital-to-analog elements 22 by modilying a resistance
(e.g., resistance ol variable resistor 28) of the at least one
reference element 20 for setting a current of the at least one
reference element 20. In these and other embodiments,
control circuit 52 may be configured to modily current
mirror ratios between the at least one reference element 20
and the plurality of current-mode digital-to-analog elements
22 by modilying an eflective device size (e.g., admittance)
of the at least one reference element 20 (e.g., the effective
admittance of one or both of n-type field effect transistors 30
or 32) for setting a current of the at least one reference
clement 20. Although, for the purposes of descriptive clarity,
FIG. 3A shows n-type field eflect transistors 34 and 36 and
p-type field effect transistors 38 and 40 as not having
variable admittances controllable by control circuit 52, in
some embodiments, control circuit 52 may be configured to
modily current mirror ratios between the at least one refer-
ence element 20 and the plurality of current-mode digital-
to-analog elements 22 by modilying an eflective device size
of one or more of n-type field eflect transistors 34 and 36 and
p-type field effect transistors 38 and 40 1n addition to or in
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licu of modifying an elfective device size ol n-type field
ellect transistors 30 and/or 32. Because control circuit 52
may perform such scaling of current mirror ratios by modi-
tying components of a reference element 20: (a) such scaling
of current mirror ratios may be performed such that an
amount of current flowing through the plurality of current-
mode digital-to-analog elements 22 1s unchanged when the
ratios are scaled and such that the current flowing through
the reference element 20 1s changed; and/or (b) the plurality
of current-mode digital-to-analog elements 22 may be
unchanged when the ratios are scaled.

In these and other embodiments, in order to reduce or
climinate audio artifacts associated with modifying current
mirror ratios, control circuit 52 may modily current mirror
ratios during one or more blanking windows of the audio
playback path of audio IC 9, wherein each of the one or more
blanking windows comprises a finite time duration within a
sampling period of DAC 14A 1n which the output of DAC
14A 1s prevented from being transmitted to a downstream
circuit (e.g., amplifier 16) coupled to the output.

FIG. 3B 1s a block diagram of selected components of an
example single-ended output current DAC 148 which may
be used to implement DAC 14 of example audio integrated
circuit 9 of FIG. 2, in accordance with embodiments of the
present disclosure. Current DAC 14B may be similar in
many respects to current DAC 14A, and thus only selected
differences between current DAC 14B and current DAC
14A may be discussed below. Notably, one main difference
1s that 1in current DAC 14B, the bottom half of each
current-mode digital-to-analog element 22 may remain
largely unchanged from FIG. 3A while the top halves of all
current-mode digital-to-analog elements 22 may be replaced
with a pair of polarity switches 51, such that one polarity
switch 31 1s enabled for positive output voltage V., and
the other polarity switch 51 1s enabled for negative output
voltage V ;- Although not shown in the figures, 1n an
alternative embodiment, the bottom halt of current-mode
digital-to-analog elements 22 may be replaced with a pair of
polarity switches 51 while the top half of each current-mode
digital-to-analog element 22 remains largely unchanged
from FIG. 3A.

It 1s noted that FIGS. 3A and 3B represent example
architectures for a current-mode DAC 14, and any other
suitable architecture for a current-mode DAC may be used
in accordance with this disclosure.

Using the architecture shown in FIGS. 2 and 3A and 3B,
digital delta-sigma modulator 12 may receive digital audio
iput signal DIG_IN and convert it into quantized signal
QUANT. Current-mode DAC 14 may convert quantized
signal QUANT 1nto a differential current signal represented
by currents 1,;,» or 1, I these current steps were
applied directly to output transducer 16 (e.g., without pres-
ence of output impedance 54), resulting voltage spikes
across output transducer 16 may limit an ability of DAC 14
to maintain accuracy and linearity. However, the presence of
output 1mpedance 34 1n parallel with output transducer 16
(as opposed to 1n series, as may be the case with a voltage-
mode output implementation) may limit such voltage spikes
and maintain a reasonable voltage swing.

Any such voltage spike on output transducer 16 may be
directly proportional to a step size of quantized signal
QUANT generated by delta-sigma modulator 12. Accord-
ingly, to further limit such voltage spike, delta-sigma modu-
lator 12 may be configured to constrain the step size between
successive output samples of quantized signal QUANT, for
example as described in U.S. Pat. No. 7,903,010, which 1s

incorporated by reference herein. For example, 11 a present
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quantized signal QUANT has a value of x, delta-sigma
modulator 12 may limit the next output sample of quantized
signal QUANT to the set {x-1, x, x+1} or {x-2, x-1, X, X+1,
x+2}. Thus, assuming output impedance Z,, of 300Q
(even though output impedance 7, may be of any imped-
ance level), if the least-significant bit of DAC 14 generates
a current of 100 A, a voltage step may be equal to 100
LAX30062=30 mV 1n the case of quantized signal QUANT
having a sample-to-sample constraint of changing by one
quantization level, and equal to 200 uAx300£2=60 mV in the
case of quantized signal QUANT having a sample-to-sample
constraint of changing by two quantization levels, which
may be a small enough voltage spike 1n some applications to
provide desired precision and accuracy.

As can be seen 1n FIGS. 3A and 3B, whenever a current-
mode digital-to-analog element 22 1s active, respective
switches 50 of such digital-to-analog element 22 may be
selectively enabled and disabled such that a path is created
through one of such switches to one of the current-mode
outputs of DAC 14A and DAC 14B. On the other hand,
whenever a current-mode digital-to-analog element 22 1s
active, respective switches 50 of such digital-to-analog
clement 22 may be selectively enabled and disabled such
that a path 1s created through one of such switches to
common-mode voltage V -, . Thus, for a six-bit, 64-clement
DAC, each set of switches 30 may include a pair of
output-enabling switches and one “dump” switch for closing
a path to common-mode voltage V ., ,, meaning such a DAC
would have 64 pairs of output-enabling switches and 64
dump switches. As an example, for a value of quantized
signal QUANT equal to 5 in current DAC 14B, five switches
of digital-to-analog elements 22 may be enabled to create a
path to the output terminal for current I ,,,,- and 59 switches
of digital-to-analog elements 22 may be enabled to create a
path to common-mode voltage V -, . While such an arrange-
ment provides a high level of linearity for an output voltage
across output impedance 54 and output transducer 16, DACs
14A and 14B may have a low power efliciency for low-level
signals, as each digital-to-analog element 22 1s active at all
times, including paths between source voltage rails and
common-mode voltage V .,, when a digital-to-analog ele-
ment 22 1s disabled, meaning a digital-to-analog element 22
consumes power, even when disabled. One solution would
be to disable bias p-type field eflect transistors 42 and 48 of
a digital-to-analog element 22 when such digital-to-analog
clement 22 1s disabled, thus de-biasing such digital-to-
analog element 22 and eliminating 1ts current consumption.
However, disabling the biasing of a digital-to-analog ele-
ment 22 may lead to inter-symbol interference when a
digital-to-analog element 22 1s enabled, as such digital-to-
analog element 22 may have a settling time in which such
digital-to-analog element 22 “warms up” and settles mto a
starting bias. One way to disable bias p-type field eflect
transistors 42 and 48 1s to simply leave such transistors 42
and 48 on, as such transistors will cease conducting current
when their gate-to-drain voltages drop below their respec-
tive threshold voltages.

To overcome this disadvantage, in some embodiments, a
digital-to-analog element 22 may be modified from that
shown in FIG. 3B to that shown i FIG. 4 (a similar
modification may be made to both halves of digital-to-
analog elements 22 1n the differential output case of FIG.
3A). As shown 1n FIG. 4, instead of a bias p-type field eflect
transistor 48 being biased with a bias voltage V 5./, control
circuit 52 may control a switch 58 (e.g., a single-throw,
double-pole switch) that selectively couples a gate of bias
p-type field eflect transistor 48 between bias voltage V3.,
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(thus enabling bias p-type field effect transistor 48) and the
ground voltage of the voltage source for the digital-to-
analog element 22 (thus disabling bias p-type field eflect
transistor 48). Likewise, 1n the differential output architec-
ture shown in FIG. 3A, mstead of a bias p-type field effect
transistor 42 being biased with a bias voltage V5., control
circuit 32 may control a switch similar to switch 58 (e.g., a
single-throw, double-pole switch) that selectively couples a
gate of bias p-type field eflect transistor 42 between bias
voltage V5, (thus enabling bias p-type field eflect transistor
42) and the rail voltage of the voltage source for the
digital-to-analog element 22 (thus disabling bias p-type field
ellect transistor 42). Accordingly, using such architecture,
control circuit 52 may selectively enable and disable bias
p-type field effect transistors 42 and 48 of digital-to-analog
clements 22, such that some disabled digital-to-analog ele-
ments 22 are de-biased and consume no current and such
that one or more disabled digital-to-analog elements 22 are
biased and thus remain “warmed” with switches 50 enabling
a path to common-mode voltage V,.,, so that such
“warmed” digital-to-analog elements 22 may be already
biased when output-enabled, thus potentially minimizing
inter-symbol interference. In other words, using such archi-
tecture, at least one disabled digital-to-analog element 22
may always be ready for use.

Although for the purposes of clanty and exposition, FIG.
4 1llustrates a single digital-to-analog element 22 comprising
an additional switch 58, each digital-to-analog element 22 of
a current DAC 14 may include such additional switch 58 for
biasing and de-biasing bias p-type field effect transistor 48
(and bias p-type field eflect transistor 42 1n the diflerential
output architecture of FIG. 3A). Furthermore, in some
embodiments, a switch 58 may be a single-throw, triple-pole
switch that selectively switches among a ground voltage, a
bias voltage (V' or V;,/), and a third voltage, wherein
such third voltage 1s applied to a bias p-type field eflect
transistor 42 or a bias p-type field eflect transistor 48 1n order
to warm a digital-to-analog element 22 associated with such
switch 38.

To further 1llustrate, FIG. 5A depicts a digital-to-analog
clement 22 of single-ended out DAC 14B 1n the de-biased.,
disabled state with switch 58 coupling the gate of bias n-type
field eflect transistor 46 to ground. In addition, FIG. 5B
depicts a digital-to-analog element 22 of single-ended out
DAC 14B 1n the biased, disabled (or “warm™) state with
switch 58 coupling the gate of bias n-type field eflect
transistor 46 to bias voltage V,,/ and with switches 50
arranged to create a path to common-mode voltage V., .
Further, FIG. 5C depicts a digital-to-analog element 22 of
single-ended out DAC 14B 1n the enabled state with switch
58 coupling the gate of bias n-type field eflect transistor 46
to bias voltage V 5, and with switches 50 arranged to create
a path to one of the output nodes of DAC 14. Similar control
may be applied to the top half of each digital-to-analog
clement 22 1n the differential output DAC 14A, including
bias n-type field eflect transistor 42.

In operation, control circuit 52 may control the transistor
48 (and transistor 42 in the differential output architecture)
and switches 50 and 58 in accordance with quantized signal
QUANT, including maintaining at all times one or more
digital-to-analog elements 22 in the biased, disabled state
such that these one or more digital-to-analog elements 22
may be eflectively switched to the enabled state 11 needed.
Thus, as the magnitude of quantized signal QUANT
increases, control circuit 52 may transition one or more
digital-to-analog elements 22 from the biased, disabled state
to the enabled state and transition one or more digital-to-
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analog elements 22 from the de-biased, disabled state to the
biased, disabled state, in some embodiments such that the
number of digital-to-analog eclements 22 in the biased,
disabled state remains constant. Likewise, as the magnitude
of quantized signal QUANT decreases, control circuit 52
may transition one or more digital-to-analog elements 22
from the biased, disabled state to the de-biased, disabled
state and transition one or more digital-to-analog elements
22 from the enabled state to the biased, disabled state, in
some embodiments such that the number of digital-to-analog
elements 22 in the biased, disabled state remains constant.

The number of digital-to-analog elements 22 maintained
in the de-biased, disabled state may be determined by one or
more suitable factors. For example, the number of digital-
to-analog elements 22 maintained 1n the de-biased, disabled
state may be based on a settling time of digital-to-analog
clements 22, expected or allowable sample-to-sample
changes 1n quantized signal QUANT, slew rate of digital
audio 1nput signal DIG_IN, signal frequency of digital audio
input signal DIG_IN, magmtude of digital audio input signal
DIG_IN, noise present 1n digital audio mput signal DIG_IN,
and/or other factors. In some instances, control circuit 52
may have predictive capabilities to estimate 1ts need for
digital-to-analog elements 22 and transition a suitable num-
ber of digital-to-analog elements 22 to the biased, disabled
state based on such needs (e.g., based on slew rate of digital
audio mput signal DIG_IN, frequency of digital audio input
signal DIG_IN, magnitude of digital audio input signal
DIG_IN, noise present 1n digital audio mput signal DIG_IN,
cllectiveness of other noise-cancelling eflects, characteris-
tics of playback material represented by digital audio input
signal DIG_IN, and/or other factors).

In these and other embodiments, delta-sigma modulator
12 may be configured to constrain the values of output
samples of quantized signal QUANT based on a number of
digital-to-analog elements 22 maintained 1n the biased,
disabled state. For example, delta-sigma modulator 12 may
be configured to generate values for output samples of
quantized signal QUANT such that, in any given sample
cycle, the value of quantized signal QUANT does not cause
a digital-to-analog element 22 maintained in the de-biased,
disabled state to be transitioned to the enabled state within
such sample cycle.

As used herein, when two or more elements are referred
to as “coupled” to one another, such term indicates that such
two or more elements are 1n electronic communication or
mechanical commumication, as applicable, whether con-
nected indirectly or directly, with or without intervening
clements.

This disclosure encompasses all changes, substitutions,
variations, alterations, and modifications to the example
embodiments herein that a person having ordinary skill 1n
the art would comprehend. Similarly, where appropriate, the
appended claims encompass all changes, substitutions,
variations, alterations, and modifications to the example
embodiments herein that a person having ordinary skill 1n
the art would comprehend. Moreover, reference in the
appended claims to an apparatus or system or a component
of an apparatus or system being adapted to, arranged to,
capable of, configured to, enabled to, operable to, or opera-
tive to perform a particular function encompasses that
apparatus, system, or component, whether or not 1t or that
particular function 1s activated, turned on, or unlocked, as
long as that apparatus, system, or component 1s so adapted,
arranged, capable, configured, enabled, operable, or opera-
tive. Accordingly, modifications, additions, or omissions
may be made to the systems, apparatuses, and methods
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described herein without departing from the scope of the
disclosure. For example, the components of the systems and
apparatuses may be integrated or separated. Moreover, the
operations of the systems and apparatuses disclosed herein
may be performed by more, fewer, or other components and
the methods described may include more, fewer, or other
steps. Additionally, steps may be performed in any suitable
order. As used 1n this document, “each” refers to each
member of a set or each member of a subset of a set.

Although exemplary embodiments are illustrated in the
figures and described below, the principles of the present
disclosure may be implemented using any number of tech-
niques, whether currently known or not. The present disclo-
sure should in no way be limited to the exemplary imple-
mentations and techniques illustrated 1n the drawings and
described above.

Unless otherwise specifically noted, articles depicted 1n
the drawings are not necessarily drawn to scale.

All examples and conditional language recited herein are
intended for pedagogical objects to aid the reader 1n under-
standing the disclosure and the concepts contributed by the
inventor to furthering the art, and are construed as being
without limitation to such specifically recited examples and
conditions. Although embodiments of the present disclosure
have been described 1n detail, 1t should be understood that
vartous changes, substitutions, and alterations could be
made hereto without departing from the spirit and scope of
the disclosure.

Although specific advantages have been enumerated
above, various embodiments may include some, none, or all
of the enumerated advantages. Additionally, other technical
advantages may become readily apparent to one of ordinary
skill 1n the art after review of the foregoing figures and
description.

To aid the Patent Oflice and any readers of any patent
issued on this application in interpreting the claims
appended hereto, applicants wish to note that they do not
intend any of the appended claims or claim elements to
invoke 35 U.S.C. § 112(1) unless the words “means for” or
“step for” are explicitly used 1n the particular claim.

What 1s claimed 1s:

1. A differential output current digital-to-analog (IDAC)
circuit comprising:

a delta-sigma modulator configured to receive a digital

iput signal;

a control circuit responsive to the delta-sigma modulator
configured to perform a DAC decode operation;

a plurality of DAC elements responsive to the DAC
decode operation, the plurality of DAC elements con-
figured to, 1n concert, generate a differential output
current signal based on the digital input signal to a load
coupled to a pair of output terminals of the IDAC; and

a plurality of warming switches, each warming switch
coupled to a respective bias transistor of a respective
DAC element of the plurality of DAC elements,
wherein the control circuit may further be configured to
selectively control each such warming switch 1n order
to selectively de-bias and bias a respective bias tran-
sistor of such warming switch when a respective DAC
clement of the respective bias transistor 1s output-
disabled from generating the differential output current
signal.

2. The IDAC of claim 1, wherein the control circuit i1s
turther configured to control the plurality of DAC elements
and the plurality of warming switches 1n order to maintain
one or more DAC elements in a biased, output-disabled
state.
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3. The IDAC of claim 2, wherein the control circuit 1s
turther configured to, responsive to an increase 1 a magni-
tude of the digital input signal:
transition one or more DAC elements from the biased,
output-disabled state to the output-enabled state; and

transition one or more DAC elements from a de-biased,
output-disabled state to the biased, output-disabled
state.

4. The IDAC of claim 3, wherein the control circuit 1s
turther configured to maintain constant the number of DAC
clements 1n the biased, output-disabled state 1n response to
the decrease 1n the magnitude of the digital input signal.

5. The IDAC of claim 2, wherein the control circuit 1s
turther configured to, responsive to a decrease 1n a magni-

tude of the digital input signal:
transition one or more DAC elements from the biased,
output-disabled state to the de-biased, output-disabled
state; and

transition one or more DAC elements from the output-

cnabled state to the biased, output-disabled state.

6. The IDAC of claim 3, wherein the control circuit 1s
turther configured to maintain constant the number of DAC
clements 1n the biased, output-disabled state 1n response to
the decrease 1n the magnitude of the digital input signal.

7. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on a settling time of
the plurality of DAC elements.

8. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on an expected or
allowable sample-to-sample change 1mn a quantized signal
generated by the delta-sigma modulator.

9. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on a slew rate of the
digital input signal.

10. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on a frequency of the
digital 1nput signal.

11. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on a magnitude of the
digital input signal.

12. The IDAC of claim 2, wherein the control circuit 1s
turther configured to maintain a number of DAC elements 1n
the biased, output-disabled state based on noise present in
the digital input signal.

13. The IDAC of claim 2, wherein the delta-sigma modu-
lator 1s further configured to constrain values of output
samples of a quantized signal generated by the delta-sigma
modulator based on a number of DAC elements maintained
in the biased, output-disabled state.

14. A method 1n a differential output current digital-to-
analog (IDAC) circuit comprising a delta-sigma modulator
configured to receive a digital input signal, a control circuit
responsive to the delta-sigma modulator configured to per-
form a DAC decode operation, a plurality of DAC elements
responsive to the DAC decode operation, the plurality of
DAC elements configured to, in concert, generate a difler-
ential output current signal based on the digital input signal
to a load coupled to a pair of output terminals of the IDAC,
and a plurality of warming switches, each warming switch
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coupled to a respective bias transistor of a respective DAC
clement of the plurality of DAC elements, the method
comprising;
selectively controlling each such warming switch 1n order
to selectively de-bias and bias a respective bias tran-
sistor of such warming switch when a respective DAC
clement of the respective bias transistor 1s output-
disabled from generating the differential output current

signal.
15. The method of claim 14, further comprising control-

ling the plurality of DAC elements and the plurality of
warming switches in order to maintain one or more DAC
clements 1n a biased, output-disabled state.
16. The method of claim 15, further comprising, respon-
s1ve to an 1ncrease 1n a magnitude of the digital imput signal:
transitioning one or more DAC elements from the biased,
output-disabled state to the output-enabled state; and

transitioning one or more DAC elements from a de-
biased, output-disabled state to the biased, output-
disabled state.

17. The method of claim 16, further comprising main-
taining constant the number of DAC elements 1n the biased,
output-disabled state 1n response to the decrease in the
magnitude of the digital input signal.

18. The method of claim 135, further comprising, respon-
s1ve to a decrease 1n a magnitude of the digital input signal:

transitioning one or more DAC elements from the biased,

output-disabled state to the de-biased, output-disabled
state; and

transitioning one or more DAC elements from the output-

enabled state to the biased, output-disabled state.

19. The method of claim 16, further comprising main-
taining constant the number of DAC elements 1n the biased,
output-disabled state 1n response to the decrease in the
magnitude of the digital input signal.

20. The method of claim 15, further comprising main-
taining a number of DAC elements in the biased, output-
disabled state based on a settling time of the plurality of
DAC elements.

21. The method of claim 15, further comprising main-
taimning a number of DAC elements in the biased, output-
disabled state based on an expected or allowable sample-
to-sample change 1 a quantized signal generated by the
delta-sigma modulator.

22. The method of claim 15, further comprising main-
taining a number of DAC elements 1n the biased, output-
disabled state based on a slew rate of the digital input signal.

23. The method of claim 15, further comprising main-
taining a number of DAC elements in the biased, output-
disabled state based on a frequency of the digital mput
signal.

24. The method of claim 15, further comprising main-
taining a number of DAC elements in the biased, output-
disabled state based on a magmtude of the digital mput
signal.

25. The method of claim 15, further comprising main-
taining a number of DAC elements 1n the biased, output-
disabled state based on noise present 1n the digital input
signal.

26. The method of claim 135, wherein the delta-sigma
modulator 1s further configured to constrain values of output
samples of a quantized signal generated by the delta-sigma
modulator based on a number of DAC elements maintained
in the biased, output-disabled state.
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In the Specification

1. In Column 6, Line 20, delete “amplifier 16)” and insert -- transducer 16) --, therefor.
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